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a b s t r a c t

A new emissive polymer ([Pt]-(AQI(OR)2))n, P2, where AQI is anthraquinone diimine, [Pt] is trans-
bis(ethynylbenzene)bis(tributylphosphine)platinum(II) and R is n-butyl, has been prepared in order to
compare with the related polymer ([Pt]-(AQI(NO2)2))n P1 (Macromolecular Chemistry and Physics
(2018), 219(22), 1800354). In addition to the difference in substituent effect (electron donor, O-n-Bu;
electron acceptor, NO2), the first notable difference is the polymer dimension where the addition of
soluble chains expectedly leads to longer polymer chains for P2 (P1: Mn¼ 88200, Mw¼ 188700, Ð¼ 2.14,
DP¼ 111; P2: Mn¼ 147000, Mw¼ 327000, Ð¼ 2.23, DP¼ 133). However, unexpected differences in
photophysical properties exist despite their structural similarities. First, P2 exhibits a higher fluorescence
intensity and lifetime (tF ~ 1 ns) with respect to that for P1 (tF ~ 11 ps), despite the fact that alkyl chains
are known to deactivate excited states (“loose bolt effect”). Second, P2 exhibits concurrently a rare case of
higher energy fluorescence associated with an upper Sn excited state, which is not observed in P1. The
two photon absorption properties of P1 and P2 have been acquired and both exhibit modest or similar
cross sections (53 < s2< 89 GM, P1; 45 < s2< 70 GM, P2; for laser power ranging from 252 to 327 GW/
cm2) in comparison with other [Pt]-containing polymers.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Conjugated organometallic polymers of the type ([Pt]-G)n
where the synthon [Pt] is trans-di(ethynyl)bis(trialkylphosphine)
platinum(II) and G is a conjugated group, have attracted substantial
attention over the past decades and were substantially reviewed
[1e10]. The very recent advances include the preparation of chiral
materials, whether they consist of atropisomers or enantiomers
[11,12], or achiral ones [13e17]. In all cases the common denomi-
nator concerns photonics devices and their related properties (i.e.
low band gap, light harvesting, emissive, electrochromic, and op-
tical waveguiding materials), but this was not exclusive as catalytic
activity was also reported for one case [18]. Concurrently over the
past ten years, materials exhibiting nonlinear activities was also a
subject of choice [19e24] along with the design of polymer light
emitting diodes [25], but the design of organic solar cells was, and
still is, the most investigated applications and properties for this
. Harvey).
synthon [26e35] and the field on their photovoltaic properties was
recently reviewed [36,37] and [Pt]-materials attracted some
attention in a theoretical stand point [38].

The highest photoconversion efficiency (PCE) reported so far is
5.29% for a bulk heterojunction solar cells containing the [Pt]-
moiety [26,27]. It has been proposed that the use of the electron
deficient anthraquinone, AQ, moiety should increase the PCE of
([Pt]-G)n materials in solar cells [28,31]. Our group has also
designed an analogeous ([Pt]-AQ)n polymer where AQ¼ 2,6-
anthraquinone, P0 (Fig. 1), which turns out to be strongly phos-
phorescent at 77 K with an emission lifetime of ~270 ms. [39]. This
([Pt]-AQ)n structure differs from that where AQ¼ 2,7-
anthraquinone, which only exhibits a fluorescence (with a life-
time in the ns time scale) [31]. Very recently, we designed another
polymer using G¼ 2,6-substituted anthraquinone diimine, P1
(Fig. 1) [40]. In this case, the polymer is weakly fluorescent at both
298 and 77K, with fluorescence lifetimes in the order to 10e30 ps,
with no evidence of phosphorescence. Such excited state lifetimes
appear rather short and may prevent efficient electron transfer to
occur. In addition, the structure-properties relationship appears
rather difficult to pin down. The obvious structural modification is
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Fig. 1. Structures of P0, P1 and P2.
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to replace the electron withdrawing groups (NO2) by electron
donating (OBu). We now report the synthesis and characterization
of P2, which a larger dimension compared to P1 (expected), and a
much longer S1 excited state lifetime (unexpected).

2. Experimental section

2.1. Materials

The 2,6-bis(trimethylsilylethynyl)anthracene-9,10-dione [41]
and trans-Pt(PBu3)2Cl2 [42], were prepared according to literature
procedures. Copper(I) iodide, tetrachlorotitanium(IV), 1,4-
diazabicyclo[2.2.2]octane (Dabco), tributylphosphine, and 4-
butoxyaniline were purchased from Aldrich and were used as
received. Platinum(II) chloride was purchased from Alfa Aeser and
used as received. All reactions were performed in Schlenk-tube
flasks under purified argon. All flasks were dried under a flame to
eliminate moisture. All solvents were distilled from appropriate
drying agents.

2.1.1. N,N0-bis(4-n-butoxybenzene)(2,6-bis(trimethylsilylethynyl)
anthraquinone diimine, 2a

4-n-butoxyaniline (0.76 g, 4.0mmol) and 1.35 g (12.0mmol) of
Dabco were dissolved in 25mL of chlorobenzene while heating to
90 �C. Titanium tetrachloride (0.4mL, 4.0mmol) were then added
dropwise, followed by the addition of 2,6-bis(trimethylsilylethynyl)-
anthracene-9,10-dione (0.42 g, 2.0mmol) and rinsing the powder
addition funnel with 20mL of chlorobenzene. The solution was
stirred at 115 �C for 12 h. The product was isolated by filtering off the
precipitate, washed with hot chlorobenzene (2 x 20mL). The solu-
tionwas evaporated. The solid was dissolved in CHCl3, washed three
times with water, dried with MgSO4, and filtered. The CHCl3 was
completely evaporated leaving only the product. The product was
purified on a silica column with CHCl3 as the solvent to give com-
pound 2a as a red powder. (0.99 g, 90%). 1H NMR (300MHz, CDCl3)
d 8.39 (d, J¼ 1.4Hz, 1H), 8.26e7.58 (m, 1H), 7.23e7.14 (m, 2H),
7.07e7.01 (m, 2H), 6.95e6.83 (m, 8H), 4.06e3.86 (m, 4H), 1.89e1.68
(m, 4H), 1.59e1.40 (m, 4H), 1.13e0.92 (m, 6H), 0.36e0.11 (m, 17H).
Mass spectrum: m/z (EI): 663.1847 (MþþNaþ).

2.1.2. N,N0-bis(4-n-butoxybenzene)(2,6-bis(ethynyl)anthraquinone
diimine, 3a

0.55 g (0.8mmol) of 2a, was placed in a 250mL round-bottomed
flask and 7 g of K2CO3 was added to the flask as well as 200mL of a
CH3OH/THF (1:1) mixture. The reaction was stirred under Ar
overnight until the solution turned orange. The excess K2CO3 was
filtered and the remaining solvent was evaporated. The residuewas
dissolved in CHCl3 and washed 3 times with water. The CHCl3 so-
lution was dried with K2CO3 and filtered. The product was purified
on a silica column with CHCl3 as eluant to give 3a as a red powder
(0.33 g, 82%). 1H NMR (300MHz, CDCl3) d 8.48e8.42 (m, 1H),
8.33e7.62 (m, 1H), 7.24 (dd, J¼ 14.1, 5.7 Hz, 4H), 7.09 (d, J¼ 8.3 Hz,
2H), 6.95e6.83 (m, 8H), 3.98 (q, J¼ 6.4 Hz, 4H), 3.10 (dd, J¼ 62.0,
13.0 Hz, 2H), 1.78 (dd, J¼ 14.5, 6.8 Hz, 4H), 1.52 (dd, J¼ 14.9, 7.4 Hz,
6H), 0.99 (td, J¼ 7.3, 2.5 Hz, 6H). Mass spectrum:m/z (EI): 543.1522
(MþþNaþ).

2.1.3. Poly(trans-bis(tributoxyphosphine)platinum(II)eN,N0-bis(4-
n-butylbenzene)(2,6-bis-(ethynyl)anthraquinone diimine), P2

A 51.2mg quantity (0.2mmol) of 3a, 134mg (0.2mmol) of trans-
Pt(PBu3)2Cl2, and 1.91mg of CuI were dissolved in THF (50mL) and
Et3N (50mL), and the reaction was stirred at 65 �C for 48 h under
N2. The solvent was then evaporated, and the residue was purified
by column chromatography using CH2Cl2/hexane (1:1, v/v) as the
eluent to give P2 (153mg, 89%) as a red solid. 31P NMR (CDCl3):
3.22 ppm. 1H NMR (300MHz, CDCl3) d 8.16 (m, 1H), 7.39 (m, 1H),
7.13 (m, 1H), 6.88 (m, J¼ 17.5 Hz, 8H), 3.96 (s, 3H), 2.04 (d,
J¼ 41.5 Hz, 9H), 1.78 (s, 4H), 1.69e1.21 (m, 23H), 0.94 (ddd, J¼ 18.5,
13.3, 6.8 Hz, 18H).

2.1.4. Instruments
1H Nuclear Magnetic Resonance (NMR) spectra were recorded

on a Bruker Avance 300 Ultrashield NMR spectrometer. Solid state
UVevis spectra were recorded on a Varian Cary 50 spectropho-
tometer at 298 K using raised-angle transmittance apparatus.
Steady state emission and excitation spectra were measured on
Edinburgh Instruments FLS980 Phosphorimeter equipped with
single monochromators. The steady state emission spectra were
recorded using an NMR tube for the 77 K measurements and an
airtight 1 cm cuvette for measurements in solution at 298 K, which
were prepared in a glove box. These spectra were corrected for
instrument response. The phosphorescence lifetimemeasurements
were performed with an Edinburgh Instruments FLS980 Phos-
phorimeter equipped with “flash” pulsed lamp. The frequency of
the pulse was be adjusted from 1 to 100 Hz. All lifetime values were
obtained from deconvolution and distribution lifetime analysis and
multi-exponential analysis for comparison purposes. In addition,
the molecular weight distributions of the polymers were deter-
mined byWaters 1515 GPC instrument with aWaters 1515 isocratic
HPLC pump, a Waters 2414 refractive index detector and a waters
2998 photodiode array detector.

2.1.5. Film preparation
Solution of P2 typically 10�3M in CH2Cl2, were spun at

3000 rpm for 1min with a spin coater from Speciality Coating
System, 6800 Spin Coater Series.

2.1.6. Femtosecond transient absorption spectroscopy (fs-TAS)
The fs transient spectra and decay profiles were acquired on a

homemade system using the SHG of a Soltice (Spectra Physics) Ti-



Scheme 1. Synthesis of P2: i) TiCl4, Dabco, C6H5Cl, 115 �C; ii) K2CO3, THF/MeOH, R.T.;
iii) trans-Pt(PBu3)2Cl2, Et3N, CuI, CH2Cl2, R.T.

Table 1
Comparison of the polymer characteristics (GPC).

Px [ref] Mn Mw Ð DP

P2 [tw] 147000 327000 2.23 133
P1 [38] 88200 188700 2.14 111
P0 [37] 26300 80300 3.06 31
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sapphire laser (lexc¼ 398 nm; fwhm¼ 75 fs; pulse energy¼ 0.1 mJ
per pulse, rep. rate¼ 1 kHz; spot size ~ 500 mm), a white light
continuum generated inside a sapphire window and a custom
made dual CCD camera of 64� 1024 pixels sensitive between 200
and 1100 nm (S7030, Spectronic Devices). The delay line permitted
to probe up to 4 ns with an accuracy of ~4 fs. The results were
analysed with the program Glotaran (http://glotaran.org) permit-
ting to extract a sum of independent exponentials (Iðl;tÞ ¼ C1ðlÞ�
e�

t1
t þ C2ðlÞ� e�

t2
t þ /) that fits the whole 3D transient map.

2.1.7. Fast kinetic emission decay measurements
The laser source was the same as described above. The IRF

increased to a FWHM of ~9 ps after passing through the optics at
298 K and become 12 ps after passing through a Dewar for 77 K
measurements. The detector was a Streak Camera (Axis-TRS, Axis
Photonique Inc.) limited to a maximum of ~2.5 ns. The results were
globally analysed with the program Glotaran (http://glotaran.org)
permitting to extract a sum of independent exponentials (I(l,
t)¼ C1(l) � exp(-t/t1) þ C2(l) � exp(-t/t2) þ …).

2.1.8. Computations
All density functional theory (DFT) and time dependent density

functional theory (TD-DFT) calculations were performed with
Gaussian 16 [43] at the Universit�e de Sherbrooke with the Mam-
mouth supercomputer supported by Le R�eseau Qu�eb�ecois De Calculs
Hautes Performances. The DFT geometry optimizations as well as
TD-DFT calculations [44e52] were carried out using the B3LYP
method. A 6e31 g* basis set was applied to C, H, N, and O atoms
[53e58]. The VDZ (valence double z) with SBKJC effective core
potentials were used for all Pt atoms [53e58]. All calculations were
carried out in a THF solvent field. The calculated absorption spectra
were obtained from GaussSum 3.0 [59].

2.1.9. Two-photon absorption
Two-photon absorption coefficient were obtained using a

custom built open-aperture z-scan apparatus. The transmission of
the fundamental at 795 nm at a repetition rate of 1 kHz and pulse
duration of ~100 fs (Solstice, Spectra-Physics) were measured with
a power-meter (1918-R, 918D-SL-OD3, Newport) as a function of z
using a linear delay stage of 50mm (UTM50PE.1, Newport). The
resulting data were fitted using normalized transmittance for a
purely two-photon absorption equation [60e62].

3. Results and discussion

Synthesis of P2. P2 was prepared in good overall yield (~66%)
from the known starting materials 2,6-bis(trimethylsilylethynyl)
anthracene-9,10-dione and 4-butoxyaniline (2 eqs.) according to
Scheme 1. Their condensation using TiCl4 as dehydrating agent in
the presence of Dabco leads to compound 2a in excellent isolated
yield. Its subsequent deprotection by K2CO3 provides compound 3a,
also in good yield, which is then easily polymerized with the trans-
Pt(PBu3)2Cl2 complex in a 1:1 ratio in the presence of CuI and Et3N
to form the target organometallic polymer P2. The new com-
pounds, 2a and 3a, and P2 were characterized by 1H and 31P NMR,
mass spectrometry and gel permeation chromatography (GPC). The
polymer characteristics (averagemolecular weight in number (Mn),
average molecular weight in weight (Mw), polydispersity (Ð) and
degree of polymerisation (DP) are compared to those for P0 and P1
in Table 1. The polymer dimension increases going from P0 / P1
/ P2. The latter increase (P1/ P2) is most likely due to the effect
of the soluble chain. The 31P NMR spectrum exhibits a singlet
resonance at 3.22 ppm (in CDCl3) comparing favourably to that of
P1 (3.18 ppm, [38]).
3.1. Absorption properties

The absorption and fluorescence spectra of P2 in 2MeTHF and in
film at 298 K are presented in Fig. 2. The absorption spectrum is
characterized by a maximum at ~390 nm and a long tail spreading
from 430 to 600 nm. The interpretation of the absorption spectra
and the low-energy emissive state S1 was made using DFT and
TDDFT computations using (HC≡C-[Pt]-(AQI(X)2)-[Pt]-C≡CH) as
model for P2 (X¼OBu). The HOMO-2, HOMO-1, HOMO and LUMO
exhibit atomic contributions associated with p-systems spreading
over the trans-Pt(PMe)2(C≡C)2, AQI and pendent C6H4OC4H9
groups (Fig. 3; see Supporting Information for more frontier MOs)
and are expectedly reminiscent to that for P1 (X¼NO2; [40]). The
detail of the atomic contributions is provided and Table 2. A HOMO
/ LUMO transition generates a charge transfer (CT state) of the
type [trans-Pt(PMe)2(C≡C)2]-to-AQI/C6H4X, somewhat similar to
the common metal-to-ligand charge transfer state (MLCT).

TDDFT is employed to predict the positions and nature of the
low-lying singlet excited states (Table 3, see Supporting Informa-
tion for all 100th transitions). The calculated lowest-energy tran-
sitions are evidently shifted to the blue for P2when compared to P1
[40], a behaviour anticipated with the withdrawing effect of the
groups, NO2, compared to the electron donating OBu's [63]. Using
the calculated positions of the 100th transitions (Fig. 2, bottom,
blue) one can simulate a spectrum by assigning an arbitrary FWHM
of 1000 cm�1 (black line). The comparison with the experimental
spectrum is good, particularly in the low-energy region.

http://glotaran.org
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Fig. 2. Top: absorption (black; ε¼ 17000 (352), 19700M�1 cm�1 (394 nm)) and time-
resolved fluorescence spectra (in colours: delay times indicated inside the frame, us-
ing a Streak camera) of P2 in 2MeTHF at 298 K, lexc¼ 397 nm (for the 77 K data, see
Supporting Information). Bottom: comparison of the absorption (green) of P2 as film
and a bar graph (blue) reporting the calculated oscillator strength (f) and calculated
positions of the 100th electronic transitions for the (HC≡C-[Pt]-(AQI(OBu)2)-[Pt]-
C≡CH) model (TDDFT). The black line is generated by assigning an arbitrary FWHM of
1000 cm�1 to each transition. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Table 2
Relative atomic contributions (%) of the various fragments to the frontier MOs of
optimized (HC≡C-[Pt]-(AQI(X)2)-[Pt]-C≡CH) models (X¼OBu, P2; NO2, P1 [38]).

Fragments P2 HOMO-2 HOMO-1 HOMO LUMO

[Pt(PBu3)2] 16.9 31.8 29.9 7.2
(C≡C)þ(C≡CH) 17.3 37.0 36.0 3.2
AQI: (C14H6N2) 30.1 23.9 27.2 74.7
(C6H4OC4H9) 35.6 7.4 7.0 15.0

Fragments P1 [38] HOMO-2 HOMO-1 HOMO LUMO

[Pt(PBu3)2] 35.0 39.9 32.6 1.4
(C≡C)þ(C≡CH) 47.5 46.9 42.3 2.3
AQI: (C14H6N2) 16.4 12.4 23.4 58.8
(C6H4OC4H9) 1.1 0.7 1.7 37.6

Table 3
Calculated position, oscillator strength (f) andmajor contributions (%) of the first 100
singlet-singlet electronic transitions of optimized (HC≡C-[Pt]-(AQI(X)2)-[Pt]-C≡CH)
models (X¼OBu, P2; NO2, P1 [40]).

No. l (nm) f Major contributions (%) for P2

1 492.8 0.069 H-2/LUMO (19), HOMO/LUMO (71)
2 473.2 0.151 H-2/LUMO (38), H-1/LUMO (31), HOMO/LUMO (11)
3 460.0 0.239 H-2/LUMO (24), H-1/LUMO (60), HOMO/LUMO (12)

No. l (nm) f Major contributions (%) for P1 (from Ref. [38])

1 526.9 0.015 HOMO/LUMO (96)
2 514.4 0.091 H-1/LUMO (96)
3 492.0 0.051 H-2/LUMO (87)
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3.2. Fluorescence properties

P2 is fluorescent with a lmax ~ 545 nm. This emission band is also
flanked with a shoulder near 470 nm (Fig. 2, top), which decays
rapidly in the time-resolved spectra. In comparisonwith P1 [40], the
fluorescence intensity of P2 is more intense based on the qualitative
signal-to-noise ratio. This conclusion is perfectly in line with the
significantly longer S1 lifetimes for P2 compared to P1 (Table 4). The
decay associated spectra reveals the presence of three components
(Fig. 4). The shoulder nowappears as awell-defined band at ~485 nm
with a lifetime of �11.4 ps (i.e. the limit of the IRF). This component
correspond to an upper Sn excited state (also observed on the fs-TAS),
which is readily deduced by the typical S-shape of the decay
Fig. 3. Representations of the frontier MOs for of optimized (HC≡C-[Pt]-(AQI(X)2)-[Pt]-C≡C
purposes and convenience.
associated spectrum of this component (positive response¼ upper
Sn¼ energy donor and negative response¼ S1¼ energy acceptor).

The remainder species (lmax¼ 545 nm, green; lmax¼ 550 nm,
red) are most likely the terminal and central units, respectively,
based upon their relative position (the end groups are always blue-
shifted due to a lesser extend of the conjugation) common in [Pt]-
containing polymers [64,65]. The fluorescence lifetimes (tF) show
one order a magnitude difference associated from the upper-
energy excited state (terminal) to the lower one (central). The
rate for singlet-singlet energy transfer, kET, is given by kET¼ (1/tF)e
(1/tF�), where tF and tF� are the fluorescence lifetimes of the donor
in the presence and absence of energy transfer, here the short and
long lifetimes, respectively (since the chromophores are the same).
Using the data in Table 4, kET ~1� 1010 s�1 at both temperatures.
This value is considered typical for a singlet-singlet energy transfer
and on the fast side. The fact that kET is weakly temperature-
H) models (X¼OBu, P2). The case where X¼NO2, P1 ([38]) is provided for comparison



Table 4
Comparison of the photophysical data of P0, P1 and P2 (in 2MeTHF).

Px [ref] lF (nm) tF (ps) lP (nm) tP (ms)

P2 [tw]a 545 (298 K)b 79 and 834 e e

545 (77 K) 99 and 1200 e e

P1 [38] 550 (298 K)b 11 e e

550 (77 K) 26 e e

P0 [37] e e 585 (77 K) 273

a tw¼ this work.
b FF< 0.001, which is below the detection limit.
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dependent is also normal, unlike the electron transfer. The reason
why such a common phenomenon was not detected in P1 most
probably stem from its rather low fluorescence intensity and short
S1 lifetimes (i.e. 11 ps at 298 K [40], which is close to the detection
limit, IRF).

3.3. Fs-transient absorption response
The very short-lived fluorescence component of P2 (i.e.�11.4

ps) was also detected in the fs-TAS measurements, here with a
value of 12.4 ps (in 2MeTHF) and of 6.5 ps (as a film, Fig. 5).

The longer-lived ps-ns species described above were not
detected in 2MeTHF, most likely as the resulting traces may be too
weak to be detected (see the red and green traces, which are
already weak, Fig. 5, top). However a component of 3.3 ns (green
trace), which exhibits a different signature compared to 6.5 ps-
component (red line, Fig. 5, bottom) has been detected for P2
studied as a film. Finally, the comparison of the three components
for P2 in 2MeTHF (<100 fs (IRF limit), 766 fs, 12.4 ps (all three
components are attributable to upper Sn species); Fig. 5, top right)
compares favorably to that reported for P1 (139 fs, 1.1 ps and 11.5 ps
[40]). The two shorter-lived species ((<100 fs, 766 fs) are also upper
energy Sn species decaying in the fs time scale as lexc¼ 397 nm,
which permits their population (see TDDFT data in Fig. 2 (bottom)
and Table 2).

3.4. Triplet states
No emission attributable to a T1 emission has been detected

above 600 nm (i.e. at longer wavelength of the S1 fluorescence). The
absence of phosphorescence is common for this class of push-pull
materials [10,39,63]. For sake of convenience, the nature of this
non-emissive excited state (T1) was also addressed by DFT com-
putations. The results are placed in the Supporting Information and
include MO representations of the low semi-occupied and high
semi-occupied MOs (respectively LSOMO and HSOMO) as well as
the relative atomic contributions of the various fragments to these
Fig. 4. Decay associated spectra of P2 in 2MeTHF at 298 and 77 K
MOs of optimized (HC≡C-[Pt]-(AQI(OBu)2)-[Pt]-C≡CH) model. The
conclusion is that this T1 state is also predicted to be of the same
nature of the S1 state: [trans-Pt(PMe)2(C≡C)2]-to-AQI/C6H4OBu.

Concurrently, an upper Tn emission is detected at 460 nm for P2
at 77 K only using a steady state set-up (Fig. 6). The spectra signa-
ture is unambiguously associated with a localized triplet state of
the [trans-Pt(PMe)2(C≡C)2] moiety, which again is common in this
type of organometallic polymers [10]. This signal is not detected by
the Streak camera because it emission decay exceeds the temporal
detection limit of the Streak camera (~3 ns). This signal decays in
the ms time scale, which is characteristic for a triplet emission
(Table 5). The signal is multi-exponential and this behaviour cannot
be attributed to an energy transfer (terminal vs. central) because
this emission is known to be localized onto the [trans-
Pt(PMe)2(C≡C)2] moiety. Instead, the multi-exponential behaviour
of this type of chromophore as a single complex, whether it is in
solution or in the solid state, has recently been addressed in detail
[66]. These different lifetimes results from the various conformers
that may exist upon the dihedral angle made by the [trans-
Pt(PMe)2(C≡C)2] plane and that for the aromatic side groups. We
propose that a similar situation occur here. Note that the corre-
sponding T1 emission for P1 was not investigated in the earlier
investigation, since it was not the goal of this earlier work.
3.1. Two-photon absorption

The two-photon absorption (2 PA) cross sections (s2) for the P1
and P2 in THF were obtained using an open aperture Z-scan tech-
nique [61,62] and the experiments were conducted at
lexc¼ 795 nm (Fig. 7). The 2 PA results are presented and compared
with other [Pt]-containing polymers in Table 6.

According to the Z-scan results, the s2 range from 53 to 89 GM
(Gøppert-Mayer; 1 GM¼ 10�50 cm4 s/photon)) at the intensities of
the input pulse between 252 and 327 GW/cm2 respectively for P1,
whereas P2 exhibits s2 values ranging from 45 to 70 GM with in-
tensities of the input pulse between 252 and 327 GW/cm2,
respectively, assuming that only 2 PA is occurring. While P1 ap-
pears to have a slightly better s2 value than that for P2, and
somewhat similar to another [Pt]-containing polymer (i.e. ([Pt]-T-
CBZ-T)n; T¼ thiophene; CBZ¼ 3,30-carbazole) [67], these s2 data
are a little modest in comparison with those reported for other
related [Pt]-containing polymers in the literature where the 2 PA
cross sections are found between 10 and 280 GM [68]. Because the
experimental conditions differ from one investigation to another,
and that the polymer dimensions are also different, no reliable
structure-properties can be provided at the moment.
showing the three components of the time-resolved spectra.



Fig. 5. Left: Time evolution of the fs-TAS of P2 in 2MeTHF (top) and as a film (bottom), lexc¼ 397 nm (IRF¼ 100 fs). Right: decay associated spectra of P2 in 2MeTHF (top) and as a
film (bottom) showing three components. The bleach and transient signals are the positive and negative signals, respectively.

Fig. 6. Emission spectrum for P2 at 77 K in 2MeTHF using a steady state instrument.
The fluorescence band is barely detected under this signal in the 500e700 nmwindow.

Table 5
te data for P2 at 77 K in 2MeTHF (Bi¼ pre-exponential factor).

Comp. lem(nm) Bi te; ms (f in %)a c2

P2 460 0.2732 0.65 (12) 1.021
0.0011 18.3 (1)b

0.0112 120 (87)

a fi(%) ¼ (Biti)/S(Biti) � 100%; Ie(t)¼ B1exp(-t/t1) þ B2exp(-t/t2) þ B3exp(-t/
t3) þ …

b With 1% of contribution, this component is most likely not accurate.

Fig. 7. Z-scan results for P1 (top) and P2 (bottom) in THF solvent. The open symbols in
the figure indicate the experimental measured transmission data and the ‘solid lines’
are obtained by fitting the experimental data to the 2 PA equation. The s2 data and the
different input powers are provided.
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4. Conclusion

This comparative study showed significant differences in phys-
ical properties between P0, P1 and P2. First, the polymer di-
mensions of P2 is larger than that for P1 (and P0) due to the
presence of soluble chains (-OC4H9) instead of NO2 groups, but
unexpectedly P2 exhibits a higher fluorescence intensity and life-
time than that for P1, which is counter-intuitive due to the “loose
bolt effect” of side alkyl chains. Second, P2 exhibits a rare case of
higher energy emission associated with an upper Sn excited state,



Table 6
2-Photon absorption data for P1 and P2.a

Polymerb Ref. s2 (GM) lexc (nm)

P1 ([Pt]-AQI(NO2)2)n tw 53e89 795
P2 ([Pt]-AQI(OC4H9)2)n tw 45e70 795
([Pt]-T-CBZ-T)n 67 10e100 600
([Pt]-C6H4-Ox-C6H4)n 68 175 730
([Pt]-F-Ox-F)n 68 280 730
(([Pt]-(F-Qx)2-F))n 68 260 730

a tw¼ this work. In THF, [P1]¼ 0.37mM, [P2]¼ 0.54mM. b) T¼ 1,10- thiophene,
CBZ¼ 3,30- carborzole, Ox¼ oxadiazole, F¼ 2,20-fluorene.

F. Juvenal et al. / Journal of Organometallic Chemistry 896 (2019) 24e3130
which is not observed in P1. These observations suggest that the
incorporation of the soluble side chains on conjugated polymers in
order to change the morphology of the resulting photoactive nano-
film in bulk heterojunction solar cells may not necessarily be
detrimental to the excited state properties, notably the excited state
lifetimes prior to the photo-induced electron transfer. Concur-
rently, P0 is only phosphorescent (T1), while P1 and P2 are not
emissive from the T1 state, thus stressing the drastic substitution
effect going from¼O to¼NeC6H4-X, and also from X¼NO2 to
OC4H9.
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